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Chapter 1. Introduction 
Phosphate based inorganic compounds are one of the most important 
groups in functional and structural materials owing to their excellent thermal, 
chemical, and mechanical stabilities.1,2 They were employed in various 
applications such as bioceramics, batteries, and luminescent materials. For 
synthesis of inorganic phosphate compounds, solid state reaction (SSR) 
method is the most commonly used because of its simplicity. However, 
SSR method has many drawbacks such as non-uniformity of particle shape and 
size, loss of stoichiometry, low reproducibility, and requirement of high 
temperature resulting in high energy consumption. The homogeneity is 
one of the critical factors for affecting material properties. Among various 
synthesis methods, polymerizable complex (PC) method is considered to be one of the most powerful 
methods to synthesize highly homogeneous materials at the atomic level.3 However, commercial phosphate 
reagents such as H3PO4 and (NH)2HPO4 are not preferable to the PC method due to rapid formation of 
precipitates between P and metal ions, resulting in formation of inhomogeneous products. In this study, to 
overcome the limitations, development of stable water-soluble phosphate sources were conducted for synthesis 
of phosphate compounds with high homogeneity and properties (Fig. 1). Furthermore, synthesis and 
development of phosphors by the PC method employing the developed P sources were carried out to clarify 
advantages of the P sources.  
 
Figure 1. Research concept. 
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Chapter 2. Development and application of phosphorus oligomers with desirable water stability 
Employment of condensed chain-structured phosphates in a synthesis of phosphate materials may 
prevent formation of undesirable precipitates between metal and phosphate.4 By modification of previous 
researches, ethylene glycol-conjugated phosphate (EG-P) having oligomeric structure was successfully prepared 
through an esterification reaction between H3PO4 and ethylene glycol under reflux (Fig. 2). The proportions of H3PO4 
and oligomers in the prepared solutions were strongly dependent on reflux temperature and time. The solution 
prepared at 393 K for 24 h contained the lowest amount of H3PO4. KSrPO4:Eu2+ phosphors were synthesized 
by the PC method employing the P oligomer solution prepared at 393 K for 24 h, SSR method, and PC method 
employing H3PO4. There were no precipitates during the synthesis of KSrPO4 using the P oligomer solution, 
while the use of H3PO4 showed gave an undesirable precipitate. The sample obtained using the developed P 
oligomer exhibited the highest luminescence intensity. The high property might be attributed to the excellent 
homogeneity of the constituents in the sample. It was found that 
KSrPO4 doped with more than 3 mol% of Eu2+ showed a new 
low-energy emission band at approximately 480 nm with the known 
emission band at 428 nm. The new feature seemed to be originated 
from disordering of K and Sr ions caused by the high homogeneity of 
the constituents. Therefore, it was confirmed that the use of a 
stable P source for the PC method could produce enhanced 
material properties. 
 
Chapter 3. Synthesis of a water-soluble phosphate ester with desirable water stability 
In some cases, synthesis of phosphates with precise stoichiometry using the developed P oligomer was 
not achieved, because the EG-P still contained a certain amount of 
H3PO4. Therefore, development of novel P sources and new route to 
preparation of P solutions with less amount of H3PO4 was conducted. 
Then, polyethylene glycol-conjugated phosphate ester (PEG-P) was 
developed. PEG-P could be obtained from a reaction among polyethylene 
glycol 300, phosphorus pentoxide, and pyrophosphoric acid. The PEG-P 
prepared was stable in an aqueous condition without hydrolysis behavior, 
while EG-P was gradually hydrolysed in water. In the synthesis of 
 
Figure 3. Excitation and Emission spectra of 
LiCaPO4:0.03Eu2+ phosphors.  
 
Figure 2. Chemical structures of formed 
EG-phosphorus oligomers.  
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LiCaPO4:Eu2+, which is difficult to obtain as a stoichiometric 
sample due to easy volatilization of Li and high reactivity of Li 
and Ca ions with P in an aqueous condition, a transparent 
solution and gel were obtained when the PEG-P was used as a source 
of P, whereas the use of P oligomer or H3PO4 caused an undesirable 
precipitate. The LiCaPO4:Eu2+ obtained via the PC method 
employing the PEG-P showed the highest emission intensity than 
those synthesized by SSR method and the PC method employing 
EG-P or H3PO4 as shown in Fig. 3. The high luminescence 
properties of the sample synthesized using the PEG-P might result 
from high homogeneity of constituents in the sample. 
 
Chapter 4. Synthesis and characterization of new 
phosphate compounds Na(Ba,Ca)PO4 
ABPO4 compounds, where A and B are mono and 
divalent cations, respectively, are recognized as useful 
materials. There are many researches about ABPO4 and their 
solid solutions. However, Eu2+-activated NaBa1-xCaxPO4 solid 
solutions have not been reported. Therefore, synthesis of 
Eu2+-activated NaBa1-xCaxPO4 was carried out by the PC 
method employing the PEG-P. The samples with x = 0.1 ~ 0.4 
were mixtures of NaBaPO4 (x = 0) and unknown phases 1 and 2 (Fig. 4). At x = 0.5, single phase of unknown 
phase 2 appeared. According to single crystal analysis, it was revealed that unknown phase 1 and 2 were 
trigonal system (P31c and P-3m1, respectively) with compositions of Na3Ba2Ca(PO4)3 and NaBa0.5Ca0.5PO4 
(NBCP) (Fig. 5). Na3Ba2Ca(PO4)3 had three times larger lattice along c-axis than that of NaBaPO4 and 
NBCP and well organized structure. Though NaBaPO4 and NBCP have the same space group (P-3m1), 
coordination environments were different. Therefore, it can be concluded that two phases, Na3Ba2Ca(PO4)3 
and NaBa0.5Ca0.5PO4, were discovered in the present study. The photoluminescence properties including the Eu2+ 
concentration quenching and thermal quenching behavior of Eu2+-doped NaBa1-xCaxPO4 were investigated. With 
increase of Ca for 1 mol% Eu2+-doped sample, redshift of emission center was observed. As a result, NBCP exhibited a 
 
Figure 4. XRD patterns of 
NaBa1-xCaxPO4:Eu2+; unknown 
phase 1 (ź) and 2(Ɣ). 
 
 
Figure 5. Crystal structures of the (a) 
NaBaPO4, (b) Na3Ba2Ca(PO4)3 and (c) 
NBCP. 
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maximum emission wavelength at 460 nm (435 nm for NaBaPO4:Eu2+) by excitation at 330 nm. 
 
Chapter 5. General conclusion 
Two kinds of P sources, EG-P and PEG-P, were successfully developed to realize synthesis of 
phosphate materials with high performance. Actually, the use of them enables us to synthesize phosphate 
phosphors with high properties through the PC method. The reason may be due to achievement of a 
³homogeneous synthesis at the atomic level .´ Moreover, synthesis of NaBa1-xCaxPO4 solid solutions were 
carried out via PC method employing PEG-P, and as a result, new phases Na3Ba2Ca(PO4)3 and 
NaBa0.5Ca0.5PO4 were found. In the present research, it was confirmed that development of proper P sources led 
to the synthesis of high performance and new phosphate compounds via solution-based method, as well as, they can 
be applied to various kinds of phosphate based application fields. 
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